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INVESTIGATION OF INTERNAL REGENERATIVE FUEL-HEATING SYSTEM
FOR 20-INCE RAM JET

By Sol Baker and Bugene Perchonok
SUMMARY

An invesbtlgetion was conducted to evaluate the effectiveness
of a simple internal regenerative fuel preheater for a 20-inch-
dlameter ram Jet. Data obtained at subsonlo sea-level conditions
indicated that the fuel could be succesefully preheated in this
mamner., The distance the preheater was locabted downstream of
the flsme holder was the primary varieble affecting the final
fuel temperature. Although approximately S minutes was required
to attain a stable fuel temperabure, the rate of fuel-temperature
rise was maximum immediastely after igniltion and useful prehest
temperatures (>200° F) were approached within 2 minutes after
ignition. The additlional pressure loss caused by the introduction

of the preheater in the combustion chamber may be considered
negiiglible. :

INTRODUCTION

Results of experiments reported in references 1 and 2 indlcate
that appreciable improvement 1n ram-Jet performance and cambustion
efficlency can be realized by preheating the fuel. This Improvement
iz the resulb of a decrease in the time required for the fuel-
vaporization process preceding bukning. For the investigation
described in reference 1, the fuel was elther regeneratively heated
by belng circulated through a copper coll wound around the
combustion-chamber shell or was heated by circulation through s
steam-heated healt exchanger mounted in the test cell. The use of
the steam heat exchanger i1s merely an experimental technigue.
Although the external regenerative-heating system 1s useful in
cooling the cambustion-chamber shell, 1t requires en lncrease in
engine frontal area and, if applled to a flight engine, is
accanpanied by an increase Iin englne aerodynamic drag. The
additional hazard of fuel leaks also contributes to the undesira-
bility of a fuel-preheating system in which the fuel is circulated
through a pagsage sround the combustion-chamber shell.
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A series of experiments waa therefore undertaken to evalute
e simple light-weight internal regenerative fuel-preheating
system that doss not require a change 1in ram-Jet external
dimensions end is applicable to aircraft. The astudy was made abt
the NACA Lewis lahoratory with & 20-inch-diameter ram Jet
operating at simlated subsonic sea-level flight condltlons.
The performance of the engine and the internal preheater was
investigated for meveral positions. of the preheater in the
combustion chamber. At each position, the varliatlon of fuel
temperature with time wes determined from ignition untll stable
fuel temperature wes reached.

APPARATUS

A schematic diegram of the circular, 20-inch-dismeter, steady~
flow ram Jet used in this investigation is shown in figure 1. All
pertinent dimensions are gliven on the figure. Both the cambustion
chamber and the exhaust nozzle were water-cooled.

Because A.S.T.M. digtillation curves may vary for different batches
of the same fuel, the distillation curve for the fuel used (AN-F-28)
is shown in figure 2. After passlng through the preheater, the fuel
was injected in the liquid phase in an upatream direction near the
diffuser inlet. The fuel inJjector consisted of six equally spaced
1/4~inch steel tubes in an 80°-V pattern with the base of the
¥V 5 inches downstream of the diffuser inlet. A total of 68 No. 70
holes were drilled on the upstream side of the fuel bars. These
orifices were equally spaced along the six bars; however, no holes
were drilled within 2 inches of the diffuser wall.

The flame holder (fig. 3) was a modification of the annular-V
type-B burner described in reference 3. This flame holder consisted
of two concentric, 30°-V, 3-inch-chord, perforated annull of 16-inch
and 9~-inch dismeters comnected by eight radlal gutters. A 30°
perforated center cone was supported by two radial gutters extending
to the inner annulua. As originally designed, fuel was injected in
the V of the flame holder; however, for this inveatigation, the fuel
nozzles were removed. A spark plug was used to ignite the burner.

The regenerative fuel preheater, made of colled 3/4-inch
Inconel tubling, was located in the combustion chember immediately
downstream of the flame holder. The design of thias preheater was
based on preliminary sxperiments that indicated the length and the
slze of fuel-preheating path required for useful preheat temper-
atures., The preheater weighed 9 pounds and consisted of three
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convolutions of 16-inch dismeter and 2.2]: convolutions of 9-1nch
diameter (fig. 4(a)) with adjJacent turns spaced 1% inches apart.

Provision was made for varying the distance between the flame holder
and the preheater (fig. 1) from O to 12 inches. In all positions,
the preheater colls were located in the weke of the flame holder
(fig. 4(b)). All the fuel passed through the preheater before
injection. The inlet and outlet lines to the prehester extended
upstream of the flame holder, then through the wall of the dlffuser
to the outside of the shell.

The diffuser inlet was connected to the outlet of a
500-horsepower, varisble-speed, axial-flow blower having a rated
delivery of 60,000 cubic feet per minute against a static-pressure
rigse of 45 inches of water. The ram Jet exhausted directly to the
atmosphere,

PROCEIURE

The total end static pressures and the indicated temperature
measured at the diffuser inlet were used to compute the alr flow
through the ram jet. From these meesurements and the static
pressure at the combustion-cheamber inlet, the cambustlon-chamber-
inlet velocity was determined. The ges temperature was computed
from total and static pressures meesured &t the nozzle oublet with
a water-cooled survey rake. The heat rejected to the shell cooling
water amounted to epproximstely 3 percent of the lower heating :
value of the fuel and was not included 1n the evaluation of the
cambustion efficiency. A rotameter was used to measure the fuel
flow. The fuel temperatures were measured et the preheater
inlet and outlet. The methods employed in making the calculations
are outlined in reference 3,

Fuel temperature at the preheater outlet was recorded at
0.2-minute 1ntervals from the time of ignition until the fuel
temperature reesched a steble maximum velue. The fuel flow and the
air flow were meinteined approximately constant during this entire
pericd.

The effectlveness of the colls as & preheater was investigated
et 0, 4, 8, end 12 inches downstream of the flame-holder trailing
edge. At each preheater position the ram Jet was operated over a
range of fuel-alr ratlios and at cambustlon-chember-inlet velocltles
from 62 to 95 feet per second.
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RESULTS AND DISCUSSION

The data presented herein are characteristic of the instal-
lation and should be considered only as an indication of the
potentialities of this type of fuel-preheating system. Because
a fuel injector with fixed orifilices was used, the fuel flow was
changed by verying the fuel pressure. Thus the minimm fuel flow
at which the ram Jet could be operated was determined by the
minimum fuel preasure required to keep the preheated fuel from
vaporizing in the fuel llnes. Additional restriction to the
range over which data could be obtained was imposed by the
fleme~holder burning cheracteristics.

The range of fuel-ailr ratios over which the engine could be
operated at each mreheater position 1s shown in figure 5. In
figure 5 and several succeeding figures, date are presented 1n
range form rather than as actual data polnts because it was
impossible from the data available to separate the effects of
carbustion-chamber~inlet veloclity and fuel-alr ratic on the final
fuel temperature. The rich fuel-air-ratioc limit was established
by fleme-holder blow-out, whereas the lean limit wes due to elther
flame-holder blow-out or fuel vapor lock. The lean fuel-alr-ratio
limit can probably be lowered if fuel vapor lock ls eliminated.
The introduction of the prehester in the combustion chamber and the
preheater position had no great effect on the operable fuel-air-
ratio range, Ilnasmuich as this range was approximately the seame es
was obtained with the fuel preheated by en extermal preheater
(reference 4).

For aircraft of short flight duration, the time required for
the fuel tempersture to rise to a steady value mey be an eppreci-
able portion of the total flight time. The rate of fuel-temperature
inocrease from the time of ignition to the tims at which a stable
fuel temperature is finally attalined ls therefore Important. The
variation of fuel temperature with time after ignition and prehesater
position is presented in figure 6 for several typical operating
cogdit:lons. Fuel was stored at & temperature of approximately
63~ F.

All the data shown in figure 6 can be reduced to a single
curve (fig. 7) by plotting the ratio of the temperature rise at
any instant to the maximum temperature rise. All the data obtalned
in this investigation, irrespective of ram-Jet operating condition
or preheater position, are within i percent of this curve. The
variation indicated by the curve in figure 7 may be approximeted by

a first-order exponential equation of general form y = 1 -8
having & time constant + = 1/a of 1.17 minutes. An inflection of

T
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the curve near the origin indicates the presence of some higher
order exponential. Other preheater deslgns might be expected to
follow the same general veriation but with a different time
constant.

The data in figure 6 indicate that with given operating con-
ditions an apprecieble rise in the final fuel temperature can be
achieved by increasing the dlstance between the flanmie holder.and
the preheater from O to 8 Inches. A further Increase fram 8 to
12 inches resulis in little or no gain in the final fuel temper-
ature. A similer result is indicated in flgure 8, In whlch the
time to reach a fuel 'bem;pera.ture of 200° F from a.n initial fuel
temperature of 63° £7° is presented as a function: of preheater
position. (From the results obtained in reference 1, 200° I
mey be considered & useful preheat temperature.) The data of
figure 8 indicate a sharp decrease in the time required to
reach 200° F as the distance between the fleme holder and the
preheater is increesed from O to 8 inches. The mean time wes
reduced from 2.4 minmutes at zero dlstance to 1.2 minutes at
8 inches between the flame holder and the preheater. ' A further
increase in thie distance from 8 to 12 inches results in an
additional reduction in the time of only 0.1 minute, Thus, for
all operating conditions, useful preheat temperatures were
approeched within the first 2 minutes of ignitlion and the :
temperature rise attalned 99 percent of 1ts final value within
S minutes. Also from the trends obtalned, 1t is probable that
1ittle improvement can be expected from further inorease in the
distance between the fleme holder and the preheater. Further
improvement cen probably be obtalned, however, 1f the fuel-
preheating path ia Increased by adding more colls to the prehester.

The general range of final fuel temperatures obtained at each
preheater position is Indiceted in figure S. In addition to belng
affected by the preheater position, the final fuel temperature is
influenced by the engine operating condition. Variastion in ram-

Jet operating conditions resulted in a maximum spread of *15 pexrcent
in the fuel-temperature rise. At the same englne conditlions, the
£inel fuel temperature waes approximately the same for the preheater
in either the 8- or l2-inch position. The difference in gpread of
the deta in figure 9 for these positions 1s due to differences in
ram-jet operating conditions for the data presented.

The heat absorbed per pound of fuel ls presented in figure 10
as a function of preheater pogition. Because the heat ebsorbed
i1s a function of the final fuel temperabure, the values of
Tigure 9 and 10 exhibit the sesme trend. The amount of heat absorbed
per pound of fuel increeses sharply as the distance between the
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flame holder and the prehester ls extended. Fram a mean of 80 Btu
per pound of fuel, the amount of heat absorbed by the fuel cen be
increased to & mean of 120 Btu per pound of fuel, & rise of 50 per-
cent, if the distance between flame holder and preheater 1s changed
from 0 to 12 inches.

An indication of the significance of the heat absorbed by the
fuel may be cbtailned from & comparison with the fuel latent heat of
vaporization. The fuel used had a latent hesat of vaporization of
145 Btu per pound. The data in figure 10 therefore indicate thab
a mean of 55 percent of the latent heat of vaporization can be
supplied to the fuel at the zero positlon between the flame holder
and the preheater and a mean of 83 percent of the latent heat of
vaporization can be supplied to the fuel by the preheater if the
distance i1s increesed to 12 inches.

Because the performance of a rem Jet 1s adversely affected by
the total-pressure losses the alr undergoes in flowing through the
englne, the intermal pressure losses should be kept as low as
possible. The introduction of a preheater In the cambustion chamber
would contribute toward increasing these presaure loases. An
evaluation was therefore made of the effect of the preheater used
in this investigation on the combustlion-chamber pressure loss. The
total ~pressure loss across the fleme holder alone was 1.5 times the
canmbustion-chember-inlet dynemic pressure. Because it was believed
that the combined pressure loss of the flame holder end the fuel
preheater would be a meximm with the preheater 12 inches downatream
of the flame holder, the cambined loss was determined for only thab
preheater position. With the preheater located 12 inches downstream
of the fleme holder, the combined loss across both was only 1.6
times the combustion-chember-inlet dynamic pressure, an increase of
6.7 percent. This alight increese 1s negligible when compared with
the performance gains possible by preheating the ram-jet fuel
(references 1 and 2).

No definite variation of combustion efficiency with preheater
rosition conld be established. In general, the combustion efficiency
ranged from 60 to 80 percent. Approximately the same renge of
efficiencies was obtained whern this flame holder was used with no
internal preheater installed, in which case the fuel was preheated
with an external steam-heat exchanger (reference 4).

SUMMARY OF RESULTS
From a gsubsonlc sea-level investigation undertaken to evaluate
the effectiveness of a simple internsl regenerative fuel preheater for
a 20-inch rem jJet, the following results were obtained:
oSSR
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1. Between 55 and 83 percent of the latent heat of vapori-
zation could be supplied to the fuel by the preheater.

2. At a given engine condition, the amount of heat added to
the fuel and therefore the £inal fuel temperature increased &a the
distance between flsme holder and preheater was increased froam O to
8 inches. A further lncresse to 12 inches resulted in little
improvement.

3. For the configuretion investigated, aprroximately 5 minubtes
of operation after i1gnition wes requlred before & stable fuel temper-
ature wes attained (initial temperature, 63°x7°). This time 4id
not appear dependent on preheater position or ram-Jet operating con-
dition. The rate of fuel-temperature rise was maximum Immediately
after ignition and a useful prehest temperature of 200° F wes
approached within 2 minutes.

4. 'I‘he.comfbustion efficlencies obtained di1d not appear to be
affected by the presence of the preheater nor by the fuel-preheater
pogition. '

5. The total-pressure loss across the cambustlon chember was
incressed only 6.7 percent when the preheater was added.

CONCLUSIORS

As a result of this investigatlon at subsonic sea-level con-
ditions, the following conclusions are indicated: An Internsal
regeneratlive preheater of the type investlgated can be used to
preheat fuels to temperatures that result in improved combustion
efficiencies. Internal regenerative preheaters may be designed for
which the additional internal pressure loss resulting from the
introduction of the preheater into the combustion chemher may be
consldered as negliglble. In order to permit operation over a
wide range of engine conditlions and to prevent fuel vapor lock,
the system should employ a varieble-orifice fuel injector to permlt
the fuel pressure to remain above the fuel vapor pressure over &
wlde range of fuel flows. Because & period of 1 to 2 minubes is
required to reach useful preheat temperatures, the application of
such & preheater is limited to ram Jete having a flight duration
groater than this period of time.
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The results presented are characterlatlc of the configuration

investlgated and other configuratlions may not gilve simllar
performence.

Lewls Flight Propulsion Laboratory,

4.

National Advisory Commlttee for Asronautics,
Cleveland, Ohio,
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" ¥ighre 4. - Installation of preheater in zero position in 20
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